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Resonant x-ray reflectivity from a bromine-labeled fatty acid Langmuir monolayer
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Resonant x-ray reflectivity exploits the energy dependence of atomic scattering factors to locate resonant
atoms within the electron density distribution of thin films. We apply the technique to a monolayer of bromo-
stearic acid at the air/water interface. The data collection protocol employed cycles through several energies in
the vicinity of the bromineK absorption edge and verifies that the energy dependencies observed are indeed
resonant effects. The analysis specifies the location of the Br atom with sub-angstrom precision and must
consider both the real and imaginary parts of the changes in the scattering factor to be consistent with the
known structure and stoichiometry of this test case.
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[. INTRODUCTION within particular layers is very high, or in the case of pro-
] ) . ) . teins the periodicity of the multilayer otherwise provides a
Langmuir monolayers provide an important interfacial|arge total number of resonant atoms, again facilitating mea-
system for the study of amphiphilic macromolecules of or-syrement of the resonance eff¢t0—14. Single-monolayer
ganic, bio-organic, or polymeric origin and their interactionsfiims are much more problematic due to the low total number
with both polar and nonpolar atomic and molecular speciesof resonant atoms coupled with the small magnitude of the
Such systems are relevant in both biomediead)., biomin-  resonant effect. There is only one reported example of a reso-
eralization[1,2], cell membrane function, respiratiof3]) nance x-ray reflectivity study of a single monolayer of a
and materials sciena@.g., electronic and optical properties protein, and there the resonant effect from the protein’s metal
of polymeric ultrathin films[4,5]). X-ray and neutron scat- atom was enhanced through its interference with the non-
tering are key techniques for structural characterization ofesonant reflectivity from an underlying organic multilayer
these single-monolayer systems. Specular reflectivity prosubstrate[15]. Development of analogous resonance x-ray
vides the scattering-length dens{t$LD) distribution of the  reflectivity techniques for the structural characterization of
monolayer projected onto the normal to the plane of the inSingle Langmuir monolayers of amphiphilic macromolecules
terface[6,7]. The SLD profile provides the overall thickness at the airfwater interface would be of great value. For in-
of the film, but this projection prevents the localization of Stance, it would open the door to localizing resonant-atom-
particular molecular, submolecular, or atomic components of2P€led, single amino acid residues within the SLD profile of

the monolayer within its profile structure unless they possest§'ntghIe m(moltayers of vect?nglly orl?nted grt())tems, tanalo%ous
a SLD significantly different from the remainder. In neutron 0 those that can now only bé performed by neutron refiec-

L : e L tivity with 2H-labeled proteing8,9]. This requires that the
rSelfllgCtlr\:)IH,e Earigu::;.nrg?_'let'iﬁ zcl_?nbbftr:cheted.r\gfggn:_healignment of the liquid surface spectrometer be precisely
) proliie by replaci wi » put this requi maintained as the x-ray energy is varied about the resonant
parison of SLD profiles for rigorously isomorphic monolay-

. ’ i ilizati f lysi h-
ers of the unlabeled versasi-labeled specief8.q]. In x-ray atom’s absorption edge and utilization of data analysis tec

L . o ) ; nigues not relying on interferometry. Furthermore, x-ray ra-
;cattermg, Isotopic vanathns n scattgrlng factors do not SXdiation damage of organic and bio-organic monolayer films
ist, and resonance scattering properties of the elements m

. ) . . - Lﬁﬁtay preclude accurate measurement of the resonance effect,
be relied upon to introduce contrast variation while retainingy, "< a1l total number of resonant atoms in the film requir-
!somor_phlsm. Resonan_((er anomalousy x-ray d|ffr_act|pn ing extensive data acquisition times for satisfactory statistics.
is routinely employed in the structural characterization of

teins in sinal tals. Althouah th ber of The first resonance scattering study of a liquid surface
proteins in singie crystals. ough the number of resonant,, g liquid metal alloys, impervious to radiation damage
atoms per molecule is very small for either the native or

t-atom-labeled protei v heavier at and containing a high mole fraction of resonant atqagj.
resonant-atom-labeled protein as only heavier aloms poSSesy, o e apply resonance reflectivity to investigate the loca-

a r_esgnatrr\]ce w:j_the x-ray Ireglmte,l t_helr tOt?I nurrf1be_:_t|nt_ th ion a resonant Br atom covalently bound to the hydrocarbon
periodic three-dimensional crystal IS very largeé Iaciitaling o, ain of gn organic fatty acid in a Langmuir monolayer on

megsgrement of the resonance gffecp Resonance x-ray "ie surface of water. This essential test case of known reso-
flectivity has been extensively utilized in the structural char—nam atom stoichiometry and location within the chemical

actgrization of inorganic_ and bio—organﬁc multilayer films on structure of the macromolecular species demonstrates that
solid supports where either the density of resonant aldMB5onance reflectivity at the air/water interface can specify an
atomic position with subangstrom precision. Our data collec-

tion protocol demonstrates the correct energy dependence of

*Electronic address: strzalka@sas.upenn.edu the resonance effect in the brominated sample and the ab-
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sence of an effect in a control without Br and also verifies the ! ! ! ! ! !
absence of radiation damage to either sample. A model= "°@moa o K 7
independent method provided the SLD distribution from data5o 08l 2 v K&
below the resonant energy. The resonant atom location in thn<% o e A K+d
SLD profile was modeled, taking into account both the real & 061 | A O K
and imaginary parts of the resonant scattering factor, from= 04k Eﬁ ﬂﬂ i
data near or on resonance. Neglecting the imaginary part o"”;, ' a
the resonant scattering factor leads to an incorrect result. IS o2} O -
these respects, the present work differs from a recently re- d Dﬁn g oBo d
ported resonant x-ray reflectivity study of the distribution of 00k 0'1 0'2 0'3 0'4 0'5 v 0'7 =
counter-ions adsorbed to the polar lipid headgroups of a ’ ' ’ q (A.'1) ’
phospholipid monolayejl17]. z
ﬁ 0.15F T T T T T T | —
Il. METHODS \_:Q. b —_— K
I -
Measurements were performed at Beamline 9-ID of thet  ®'°[" Z §+88 7
Complex Materials ConsortiunfCMC CAT) at the Ad- 9:’\: O K

vanced Photon Source, where a constant exit height monox, =~ 0051 .
chromator can change the energy of the beam while keepin&

the downstream optics in alignment. The third harmonic ofE 0.00
the undulator was detuned by 200 eV above the monochro4
mator energy. The enerdy=Kg,=13474 eV was calibrated
by the absorption from KBr salt as the energy was scanned
A split ion chamber monitor and feedback control of the
voltage applied to the second crystal of the monochromator

maintained the position of the beam at the moni®@rm FIG. 1. (a) Fresnel- and energy-normalized reflectivity data for
before the sampjeHorizontally, the beam was slightly over- the control stearic acid monolayer at energies in the vicinity of the
focused and diverging at the scintillation counter detectorabSorption edgek=13 474 eV $=200 eV. (b) Differences com-
while vertically it was unfocused. Incident slits were 2 mm Puted for the data it@) and the first data set &=K.

wide and 50um high; detector slits were 22 mn¥. Con- ) o )

tamination of the beam by higher harmonics was negligible€Tors in the calibration of the attenuation factors for t_he Mo
The liquid surface spectromet@drSS) and Langmuir trough filters. We take the average ampllpude of the. Gaussians for
sample chamber have been previously descri&dlg. At- each energyAHzo(E), as an empirical correction factor to
tenuating filters of Mo foil in 5Q:m steps kept the count rate normalizeR(q,,E)/Re.

<20 kHz. To prevent radiation damage, the sample was The variation inR(q,, E)/[ReAn,0(E)] from the control
translated transverse to the x-ray beam byu#® between SA monolayer, which limits our sensitivity to resonant ef-
datapoints at largg, and 2 mm between successive scans. fects, is quite small (Fig. 1). In contrast,

We spread monolayers from 1 mg/@#3.5 mM) solu-  R(q,, E)/[ReAy,0(E)] from 2BrSA monolayers shows a defi-
tions of stearic acidSA, CH;(CH,);,COOH] or 2-bromo- nite and reproducible energy dependelier). 2). The am-
stearic acid[2BrSA, CH;(CH,),:CHBrCOOH| (Sigma, St. plitudes of the two maxima are more similar f&=é6 (5
Louis, MO) in HPLC-grade chloroform onto MilliQ water =200 e\ than forK, while the minimum neaq,=0.3 At is
subphases at 5°C. Monolayers were compressed to arglightly shifted forK-6 compared tK, K+ 4. This general

-0.05

R(a,

maintained at a surface pressure of 5 mN/m. behavior can be expected from the tabulated values for the
real and imaginary parts of the scattering factofE), f”(E).
1Il. RESULTS For Br atE=K=13 474 er’(K):232@_,f"(K):386E_,

_ . . at 13274 eV, f'(K-6)=30.9&7,f"(K-6)=0.544%"; at
Pure water serves to identify systematic energy dependen3s 674 eV, f/(K+8)=31.3%", f"(K+8)=3.23%" [21]. The
cies in the measurement and normalization technique Sin(@nange irf’ (E), which is approximately symmetric about the

the reflectivity from liquid/vapor _in_terfaces is so well under- edge energy, dominates the resonant effect, consistent with
stood[6,20]. We treat the reflectivityR(q,) from pure water e qata fromk + 8 having similar amplitudes. The change in

and from the monolayers by fitting the Fresnel functiyto () s asymmetric about the edge, resulting in the data
data points neag,, and subsequently analyzing the Fresnel-f.o k- 5 being slightly out of phase with those frok, K
normalized reflectivity,R(q,)/Re. For the water surface, s The smoothly varying, reproducible data show that the
modeled as a rough interface of finite widdh this is de- monolayer withstands the radiation dose.

scribed by a GaussiamR(q,)/Re=Ay cexp(—a;o?). All the We can quantify the agreement between different data sets
scans are well fit by the Gaussian, with very similar valuessy computing the crystallographic figure of merit, tRdac-

for 0(2.57+0.01 A, but the amplitude had a reproducible tor. In terms of the reflectivity as the modulus squared of the
and small energy-dependent chan@e01<A,,0<1.04.  structure factor of the electron density profile gradient, we
We treat this as a systematic error introduced, perhaps, UyaveR(qz,E)/[RFAHZO(E)]:|F(q)|§xptand define th& factor
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FIG. 3. Electron density profile structures for the &alid) and
2BrSA (upper dotted curyemonolayers from box refinement. The
Gaussians at the bottom show the entire real part of the scattering
factor of bromine aE=K-A(30.9&"), according to the analysis
that either includes the imaginary part of the resonant change in the
scattering factor,Af”#0 (dotted ling, or neglects it,Af"=0
(dashed ling Note that the Br atom is only coincident with the
maximim in the 2BrSA profile structure whekf” is included.

R(E)/(RFA(E))-R(K)/(REA(K))

refinement algorithm to the low-energy normalized reflectiv-
ity data and so obtain a numerical value for the normal de-
rivative of the electron density distributiordp/dzZ(E=K
— d)expr Fitting a sum of Gaussians to this derivative gives us
FIG. 2. (a) Fresnel- and energy-normalized reflectivity data for @1 analytical expressiodp/dzZE=K~-8)any Which closely
the 2-bromo-stearic acid monolayer at energies in the vicinity of theapproximatesip/dzE=K - 9)q,p (Fig. S5 of Ref.[25]). We
absorption edgeK=13 474 eV =200 eV. (b) Differences com- can then integrate this to obtaitiz, E=K - 6),5and Fourier
puted for the data iga) and the second data setEtK. transform it to obtainF(q,E=K-0)4, Whose modulus
squared should match the normalized x-ray reflectivity
as r:2(|F(q)|expt_|F(Q)|modeDZ/E|F(q)|2 Computing datgFig. S6 of Ref.[25]). At the two higher energiek and

: _ expt K+ 6, the energy-dependent scattering factor of Br will be
|F(Q)|expt from the first data set &=K for the SA monolayer H(E)=f(K - 8)+ Af'(E) +IAF'(E). We assume that the change

and usgg;hfcrathgr dtahta ;Etssgj trn tlo comdﬁﬁgﬂmoda in the scattering factor is distributed as a Gaussian of com-
givesr - O the 2Brsn monolayer, making com- 1,6 amplitude centered on the position of the resonant Br
parisons between the various data sets and the second dajg z, with a finite width o,.qp(z,E)=p(z,E

' es res- ) 1

set atE=K results in similar valuest=6x107% for the  __'s) " rAf (E)+iAF(E) Y extd —(z=2..)2] o2
other datasets &=K but significantly larger values,~2 whereknal| i{s[ 29(5 ?13@ for éB)r]sﬁm;tl}W:% rEqN/Zr ne15) The JF'ou-
3 — mo . .
X107, for E=K+6. rier transform of the derivative of this expression is readily
computed analyticall(see the Appendix of Ref25]) and
IV. ANALYSIS can be compared t&(q,,E)/[ReAn,0(E)] collected at the

i i energiesE=K,K+ 5, while the parameters,.s and z¢ are
We first treat the control SA monolayer. Computing theyaried (Fig. S7 of Ref.[25]). Additionally, since the mono-

inverse Fourier transform dR(d,E)/[ReAw,0(E)] gives us  jayer structure does not change as the x-ray energy is varied,
the autocorrelation function of the profile gradient, whichwe require consistency for the parametrets, and zs by
indicates that the monolayer is about 30 A thiEkgs. S2, S3  fitting the data sets simultaneously. In this way, we deter-

of Ref. [25]). The finite extent of the monolayer provides a mined the location of the Br atom within the 2BrSA mono-
powerful constraint that allows us to solve the phase problemayer as z,~=-16.0+0.2 A, with a width of oyes

for this structure using the iterative box refinement algorithm=2.8+0.2 A.
[22]. The box-refinement result describes the data sets nearly Figure 3 superimposes the profile structures for the
as well as the data set Bt=K describes the data sets at the 2BrSA and SA monolayers as determinedEatK - 8. The
other energiegr =7x107%). brominated carbon of 2BrSA is adjacent to the carboxyl
For the 2BrSA monolayer, we cannot apply box refine-headgroup effectively increasing the width and density of the
ment directly to solve for the structure because box refineheadgroup feature relative to that of SA. The Br atom pre-
ment yields a strictly real electron density distribution, while vents tight packing of the 2BrSA monolayer, causing the
the scattering factor of Br makes the electron density distrihydrocarbon chains to tilt more and form a layer thinner than
bution complex in the vicinity of thé& edge. However, as in SA. The resonance data confirm that the Br atom is at the
the imaginary component of the scattering factor of Br ismaximum in the headgroup feature of the 2BrSA monolayer
small, E=K-6, we will approximate it as zero—i.ef/(E  as expected since Br has the largest electron density of any
=K-6)=0.544%"=0. This will permit us to apply the box- atom present.
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V. DISCUSSION AND CONCLUSIONS projected onto the axis of an aHlans alkyl chain (Fig. 3).
o ) o Our analysis rests on the published values for the change
Determination of the Br atom’s location within the mono- i, 7 andf” for bromine(see Resulig21]. These values may
layer profile structure required simultaneous fitting of all thepe checked indirectly by treatingf"(E=K), Af"(K), Af"(K

data available. There was not enough information present ig 8), andAf"(K +6) as floating parameters along with,and

an individual data set to obtain results for the Br position andores in a simultaneous fit of the data sets. This resulted in

width consistent with that from the data sets at the Othefnarginally better fitgr ~6x 107, a significant shift in the

energy. Therefore, in applying the technique to peptideBr location away from the subpha&e,.=—14.8+0.2 A and
monolayers, with Br area densities 3-10 times smaller thar slight increase in the width gsf the Gaussidm
res

in 2BrSA, more information will probably be gained by col- :
) . ) . =3.2+0.2 A). The corresponding values of the scatterng fac-
lecting data sets at different energies, rather than repeati . referenced to the tabulated valuesatk - 5, aref’(K)

data sets at fewer energies. At least one energy must be r
9 9y 224.5+0.6§"(K)=9.9+1.2f (K+5)=32.8+1.3, andf'(K

peated to verify that the sample is not changing with time, as _ ) ;
radiation damage can be a problg2g]. +6)=8.0+£0.4, which suggest that the imaginary part of the

Computing R factors demonstrates that the approximatiofeSonant effect for this system might be larger than expected.
we used to apply box refinement to the data atWWe did not attempt the extended x-ray absorption fine struc-

E=K-A—namely,f"=0.5449< 0—was justified. Taking the ture (EXAFS) scan of the monolayer necessary for direct
6-Gaussian fit to the box-refinement result for 2BrSA anddétermination of thelf’, A" values from the samplg24],
adding in a Gaussian of width centered Org, with an due to the difficulties involved in maintaining alignment of
amplitude ofif"(E=K—A)/A or 0.5449/29.5 A2 did not  the spectrometer as the incident energy is changed.
change the R factor significantly (0.000 744 versus This study demonstrates the feasibility of resonance x-ray
0.000 750. reflectivity measurements on Br-labeled Langmuir monolay-
In contrast, the change in the scattering factor at thé'S with what we think are approaches to the data collection
higher energiés relative to tHe=K — A data set could not be @nd analysis required to obtain the most reliable information
treated as strictly real. The procedure presented here result&ggarding the location of the resonant species. A,‘, best-practice
in R factors for the fits to th&€=K,K+A data sets of ~g  aPproach would also measure the change andf” directly
X 1074, similar to theR factor (7 x 10°%) for the 6-Gaussian from the sample and constrain the location of the resonant

fit to the low-energy data upon which the resonant modeftoMs even further.

was basedTable S3 of Ref[25]). However, when the data
were analyzed by the same procedure but with the change in
the imaginary part neglectedf’=0, comparable fits were  This work was supported by the NIH under Grant No.
obtained for theE=K data(r~7x 107, but not for theE  GM-55876 and by the MRSEC program of the NSF under
=K+A data(r=2x1073). More significantly, the Br posi- Award No. DMR96-32598. Use of the Advanced Photon
tion obtained from these fits was shifted away from the pealSource was supported by the U.S. Department of Energy,
in the headgroup feature toward the subphase by 1.4 A, @ffice of Science, Office of Basic Energy Sciences, under
distance greater than the separation between carbon ator@®ntract No. W-31-109-Eng-38.
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